Introduction {#s1}
============

Childhood obesity is a serious public health issue, with governments around the world beginning to invest in prevention programs. In Australia, similar to several other high-income countries, overweight and obesity affect approximately one in four children and adolescents ([@B1]). Due to the high prevalence of the problem globally ([@B2]), including in low and middle-income countries, the World Health Organization (WHO) established the Ending Childhood Obesity Commission. The Commission\'s report, published in 2016, put forward a comprehensive, integrated package of recommendations to address childhood obesity, largely through prevention interventions, both at levels close to the individual and family, and through more upstream approaches ([@B3]).

The WHO Commission emphasized the need for greater evidence in informing policy and actions targeted at reducing overweight and obesity in children ([@B3]). Since resources for prevention are limited, policy, and decision-makers also need evidence that interventions are cost-effective, i.e., that they represent value for money. Evidence gaps exist around what may be cost-effective in the 0--5 year age group, as very few preventive interventions in early childhood have been subject to economic evaluation ([@B4]--[@B8]). The reasons for this vary---including the difficulties in obtaining health care cost data, the paucity of health-related quality of life (HRQoL) instruments appropriate to this age group ([@B6], [@B9]) for use in cost-utility analysis, and the lack of validated models to project quality of life and BMI trajectories. The full benefits of obesity prevention in early childhood will not be fully realized until many years into the future, when chronic/obesity related disease manifests itself in adulthood, yet there is also evidence of shorter term impacts of childhood obesity on childhood cardiovascular risk factors ([@B10], [@B11]), insulin resistance in adolescence ([@B12]), and asthma ([@B13]). There is good evidence that rapid weight gain in early childhood tracks to later adolescent and adult obesity ([@B14]--[@B17]) so implementation of cost-effective interventions in early childhood could be key to slowing down the progression of obesity across the life course.

One of the challenges in evaluating interventions in early childhood is knowing how obesity progression may change in the longer term, as a result of the implementation of policies and interventions. Modeling approaches may contribute to evaluating both the effectiveness and the cost-effectiveness of obesity treatment and prevention programmes over a longer and more policy relevant timeframe than simply within the timeframe of a randomized controlled trial. Modeling is increasingly being used to guide policy decisions ([@B18], [@B19]) and is a very powerful tool to investigate the health and cost impacts of a range of interventions aimed at reducing childhood obesity ([@B20]). Models allow for the synthesis of evidence from different sources to simulate the effects of interventions under different scenarios and to predict both mid- and long-term outcomes.

As part of a program of work in the Center of Research Excellence in the Early Prevention of Obesity in Childhood (EPOCH--CRE), we are building a health economic model (EPOCH model) based on Australian data that can project child BMI trajectories and obesity, and estimate the future costs and cost savings that might be achieved from different interventions. Our model spans a time horizon extending from early childhood until late adolescence (4--15 years), thereby modeling the mid-term outcomes of obesity intervention in early childhood (i.e., the health benefits and healthcare cost-savings that we might expect to accrue up until late adolescence). The EPOCH model will therefore fill a gap in the literature on the cost-effectiveness of obesity intervention by including costs and benefits specific to the childhood and adolescent years, and will be complementary to modeling approaches that use a lifetime horizon to focus on the longer-term costs and benefits of prevention of obesity-related diseases. In the present paper, we describe the rationale and conceptual structure of the EPOCH model, which is an important part of the model building process ([@B21]). We also describe data sources that inform the model. Additionally, as a first step, we present simulations and internal validation of the core component of the model-the BMI trajectory model, which drives the epidemiologic progression of obesity.

Conceptual Framework of the Epoch Model {#s2}
=======================================

A range of modeling methodologies have been used in economic evaluation of obesity prevention and treatment, yet there have been very few modeled economic evaluations for children ([@B22]). Most models take a Markov approach ([@B22]--[@B24]) in which populations are moved through the model as cohorts of identical population groups that transition through states representing healthy weight, overweight and obesity. A major contribution to this literature has been provided by the Assessing Cost Effectiveness (ACE) studies ([@B25]) which have used consistent methods and a common modeling platform (a proportional multi-state life table approach) to assess cost-effectiveness of a number of different interventions in childhood ([@B26]--[@B28]). These and other published models of childhood obesity use a lifetime time horizon ([@B29]), and mostly account for costs, health, and HRQoL consequences in adulthood.

Whilst the major health and economic impacts of childhood obesity are in later adulthood ([@B30]), there is ample evidence of more immediate impacts on health and health care costs during childhood ([@B31]--[@B34]). The EPOCH model accounts for these costs and uses a time horizon extending till late adolescence, thus projecting forward to a policy relevant time-frame. We will be able to compare interventions during early childhood and also beyond early childhood, for example with those targeted at primary school children or adolescents.

We have chosen an individual level (micro-simulation) approach which models members of a population separately and thus allows for population heterogeneity. This will enable us to model interventions that have different specific target groups ([@B35]), for example, teenage girls who are overweight and in lower socioeconomic groups, or interventions whose effect varies by individual characteristics. This is particularly important in obesity prevention and treatment, because of the strong socioeconomic patterning of obesity in Australia ([@B36]) and elsewhere.

The EPOCH model does not have the restriction of categorizing children into only three weight status groups, but accounts for the full distribution of body-mass index (BMI) in the modeled population at any point in time and the increasing right skew of this distribution over time. The emergence of severe obesity as a recent phenomenon among adolescents ([@B36]) means it is important to be able to predict the upper end of the BMI distribution, where health outcomes are generally poorer and costs are higher.

EPOCH Model Structure
---------------------

The EPOCH model consists of five linked quantitative models for estimating HRQoL outcomes, direct healthcare costs, and productivity costs in relation to child BMI status at different ages. The overarching model structure is shown in [Figure 1](#F1){ref-type="fig"}.

![The EPOCH model structure.](fendo-10-00132-g0001){#F1}

At the core of our proposed model framework is an epidemiological model that predicts BMI trajectories through annual gain in weight (BMI) based on child age, sex, socioeconomic position, and current weight status. The EPOCH model takes the approach, that change in BMI is directly associated with costs and effects, rather than simulating chronic disease events as these will generally not become apparent until adulthood ([@B22]). The BMI trajectory model and quality of life sub-models have been completed and are described below; other sub-models for projection of direct and indirect healthcare costs will be successively added. The model is programmed in STATA v14 ([@B37]).

Data Sources Informing the Model
--------------------------------

We have used published data from systematic reviews and meta-analyses and new analysis of existing population datasets to develop models to predict BMI and quality of life trajectories from early childhood to adolescence. Healthcare cost trajectories, will use high levels of evidence from systematic reviews and linked data studies where available.

The BMI trajectory model, (described in more detail below) is based on data from the population-representative Australian study, the Longitudinal Study of Australian Children (LSAC) ([@B38]), one of the largest longitudinal studies of child development in the world. The study follows two cohorts of children---the infant cohort and child cohort at 2-year intervals from 2004 (Wave 1) until 2014 (Wave 6) being the latest round of data collection. The sampling design is a 2-stage clustered survey design with geographic stratification ([@B39]). Data were collected at the child\'s home through face-to-face interviews, and BMI and BMI z-scores were calculated from measured height and weight, using a portable stadiometer and digital bathroom scales. Mortality is modeled through use of Australian Life Tables ([@B40]), using the age and sex specific annual mortality rates which are provided in age intervals of 1 year.

The quality of life sub-model is based on a systematic review of the association between weight status and utility-based quality of life in children ([@B9]). This enables calculation of quality adjusted life years (QALYs) by age and sex. Direct health care costs in relation to child BMI will be modeled from published data, for example on the association between direct healthcare costs and early child obesity in Australia ([@B31], [@B32], [@B41]), and also drawing on studies from overseas ([@B33], [@B42]--[@B44]). The valuation of indirect healthcare costs in relation to childhood obesity is a relatively unstudied area, yet important to include for the societal perspective as sickness in children will almost certainly result in a loss of productivity or absenteeism for one or both parents or carers ([@B42]). To date no studies have included indirect costs in childhood models but The Australia Household, Income and Labor Dynamics survey and published data from overseas will be investigated as sources of data to model these indirect costs.

Running the Model
-----------------

The model has the flexibility to be initialized and run with starting populations of children of any age from 4 years upwards that include individual-level data on measured body mass index (BMI). The different input data sources could be nationally-representative samples of children, for example, LSAC (see below) or National Health Surveys (1), or individual level data from randomized control trials. The model projects BMI trajectories for each individual in the data set, using discrete time with annual cycles. This means it predicts BMI year by year and without further input from the source dataset. Annual healthcare costs, which may be direct and indirect (depending on the perspective taken) in relation to weight status and age will be computed in each annual time-step. Similarly, quality adjusted life years (QALYs), are based on utility weights by age and weight status ([@B9]). Model outputs will include, BMI, quality of life and cost trajectories. It is also possible to determine prevalence of weight status groups by age (underweight, healthy weight, overweight, obesity, and severe obesity) according to World Health Organization (WHO) BMI-for-age cut points ([@B45]). When running the model with survey data, outputs of interest such as mean BMI or prevalence of obesity can be inferred at a population level, by using survey estimation techniques (svy command in STATA ([@B37]) and the survey weights attributed to each individual in the simulation. These are established methods that can combine individual-level simulation with survey estimation techniques and have been used to model obesity progression in a nationally-representative adult population ([@B46]). This offers the possibility of joining the two models in the future such that modeling from childhood through to the transition to early adulthood ([@B47]) would be possible.

Using the Model for Economic Evaluation
---------------------------------------

Modeled economic evaluations will be able to be undertaken from a health care payer perspective (including direct healthcare costs) and from a societal perspective (including productivity losses). We will use standard economic methods and a micro-costing approach to determine the components of an intervention, their unit costs, and mean total costs per participant to deliver a particular intervention. The EPOCH model will predict downstream costs and health outcomes in relation to simulated BMI. Typically, this will involve running the model with and without intervention effects overlaid and then determining incremental costs and outcomes for an intervention compared with usual care, so that incremental cost-effectiveness ratios may be calculated. We will review the literature for evidence of effectiveness of interventions in early childhood, based on systematic reviews or other published literature. The effects of an intervention, in terms of reduction in expected age-specific weight gain---or weight loss---will be overlaid onto the predicted BMI trajectory, so expected BMI change per annum is adjusted for the duration that effectiveness is sustained. Interventions can be evaluated singly or in combination by successively applying BMI reductions representing intervention effects at the appropriate age. An example of the results of applying an intervention effect from an early childhood intervention followed by an intervention in primary school is shown in [Figure 2](#F2){ref-type="fig"}.

![Simulated BMI trajectories resulting from two interventions. Solid line, control trajectory; dashed line, trajectory with hypothetical interventions at ages 4 and 9 years.](fendo-10-00132-g0002){#F2}

Incremental cost-effectiveness ratios (ICERs) can either be determined for a discrete group of study children, e.g., a small target population such as a RCT sample, or at a population level. In the case of the latter, this will require knowledge of the size of the target population, the cost of delivering the intervention at scale, the size of intervention effects when implemented, and persistence of the intervention effect. The most conservative assumption is that changes in BMI will persist only for the duration of the intervention, but other scenarios may also be investigated. Sensitivity analysis will be able to investigate the impact of these different assumptions regarding sustainability.

ICERs will be calculated in terms of cost per QALY saved, cost per unit BMI avoided or cost per BMI z-score unit avoided, at a future pre-specified age. Discounting of costs and effects beyond 1 year, will be performed. Appropriate sensitivity analysis will be performed, by changing effect sizes by their upper and lower confidence intervals.

Development and Validation of the BMI Trajectory Model {#s3}
======================================================

In this section we describe the development of the BMI trajectory model and internal validation. Validation is an important step in model building as it ensures outputs are consistent with available data, and thus gives confidence in predictions beyond available data. We believe it is particularly important to validate the epidemiological predictions of the model before extending its use to health economic outcomes, as future healthcare costs and QALYs are dependent on predictions of BMI.

Research has shown that there are differences in BMI trajectories among countries. For example, in a study of seven European countries, Börnhorst et al. ([@B48]) found large between-country differences when they estimated BMI growth curves for children aged 0--12 years old. Hence it is important to use Australian-specific data in our modeling. Equations for weight (BMI) gain underpinning our model were derived from the LSAC ([Table 1](#T1){ref-type="table"}).

###### 

LSAC respondents by wave of data collection.

                      **Wave 1**   **Wave 2**   **Wave 3**   **Wave 4**   **Wave 5**   **Wave 6**
  ------------------- ------------ ------------ ------------ ------------ ------------ ------------
  **INFANT COHORT**                                                                    
  Participants (\#)   5,107        4,514        4,311        4,171        3,988        3,562
  Age range (years)   0--1         2--3         4--5         6--7         8--9         10--11
  Mean BMI            .            16.9         16.4         16.6         17.7         19.0
  Overweight (%)      .            29.7         26.2         19.8         20.9         22.8
  Obese (%)           .            13.6         9.4          10.6         12.8         12.9
  **CHILD COHORT**                                                                     
  Participants (\#)   4,934        4,423        4,289        4,018        3,802        3,268
  Age range (years)   4--5         6--7         8--9         10--11       12--13       14--15
  Mean BMI            16.3         16.6         17.7         19.2         20.6         22.2
  Overweight (%)      23.8         19.9         21.9         22.9         21.9         20.9
  Obese (%)           9.1          9.6          13.4         15.0         12.4         11.7

Equations for Annual BMI Change
-------------------------------

We extracted information on age, sex, BMI, and socioeconomic position of children from both cohorts. Observations that had implausible BMI z-scores (\>5 or \<-5) were excluded (\<0.1% of all observations). Change in BMI between waves was determined for each individual child, then stratified by change in BMI for individual years of age. As age-specific BMI and BMI change per annum were not significantly different between the infant and child cohorts (Wald test *p* \> 0.05), and to maximize our sample size, we combined the data from both cohorts for the analysis. We derived multivariable equations to predict annual change in BMI based on individual child characteristics of age, sex, and current BMI status. Two equations were derived for boys, and 3 equations for girls covering the age range from 4 years to 15 years. As a first step we simulated and validated the BMI trajectories, without stratification by socio-economic position.

Internal Validation of BMI Trajectory Model
-------------------------------------------

The input population was individual-level data on children aged 4/5 years from the child cohort of LSAC. The model was initialized with a dataset of 4,983 participants from Wave 1 ([Table 1](#T1){ref-type="table"}), representing a population of over 250,000 children). We simulated BMI trajectories from age 4/5 years to 14/15 years, and compared the predictions to the data from five more waves of the child cohort of the LSAC ([Figure 3](#F3){ref-type="fig"}). Similarly, simulated healthy weight, overweight and obesity prevalence based on WHO growth standards ([@B45]) were compared with observed data. Prevalence data (both simulated and from the surveys) were determined using survey estimation (svy command in Stata).

![Modeled BMI trajectories for boys and girls. Black circles, data from LSAC; dashed line, modeled trajectory with 95% confidence interval (shaded).](fendo-10-00132-g0003){#F3}

Results {#s4}
=======

The modeled results showed good internal validation in terms of mean BMI trajectories, the changing BMI distribution over time and predicted trends in obesity prevalence. For example, starting with mean BMI at age 4/5 years of 16.4 and 16.3 kg/m^2^ for boys and girls, respectively, the EPOCH model predicted that mean BMI 10 years later would be 22.2 and 22.5 kg/m^2^, within the 95% confidence interval of the LSAC data of 21.8 kg/m^2^ (95% CI 21.6--22.1) for boys and 22.5 kg/m^2^ (95% CI 22.3--22.8) for girls ([Figure 3](#F3){ref-type="fig"}).

Similarly, the modeled population distribution of BMI in adolescence corresponded to the actual population distribution determined from LSAC. From a very tight distribution in early childhood the model was able to simulate the increasing right skew of this distribution in adolescence ([Figure 4](#F4){ref-type="fig"}).

![Simulated and actual BMI distribution for boys and girls. Blue line, input population distribution of 4 and 5 year olds; red line, actual distribution at age 14/15 years; dashed black line, simulated distribution at age 14/15 years.](fendo-10-00132-g0004){#F4}

The predicted trends in obesity prevalence during childhood also corresponded well to survey data. For example, the model projected the prevalence of obesity to increase over a 10-year period from 10.2 to 13.5% for boys and from 8.4 to 9.0% for girls. This is consistent with the observed prevalence and 95% confidence intervals in LSAC of 13.2% (95% CI 11.2--15.5) and 10.0% (95% CI 8.3--12.0) for boys and girls, respectively. It is worth noting that due to the very low mortality rate in Australian children, the modeled population at age 14/15 years is very similar in number to the base, starting population at 4/5 years. Yet, attrition in the LSAC survey population meant that Wave 6 of the child cohort had almost 30% loss to follow-up, and hence the population available for measurement, may have been biased.

Discussion {#s5}
==========

In this paper, we have described the rationale and conceptual structure of the EPOCH model, with which we aim to generate new evidence to inform policy on the most effective and cost-effective ways to reduce childhood obesity. We have validated the epidemiological predictions of the model from early childhood until adolescence. The model was accurate in its predictions of average BMI and obesity trajectories, and was able to predict changing BMI distribution from age 4 years through to age 15 years.

To our knowledge this is the first micro-simulation model to predict BMI and obesity trajectories over childhood and adolescence. Micro-simulation, whilst more demanding in terms of software/coding skills ([@B49]), offers the advantage of capturing full heterogeneity of the modeled population and accounting for individual-level variation in costs and outcomes. Whilst the data requirements of micro-simulation are higher than other modeling methodologies, we have access to 10 years of very rich longitudinal data from the LSAC with repeated measures of individual child BMI. Previous studies have modeled BMI and growth trajectories ([@B50], [@B51]), but these are usually based on statistical modeling, or latent class analysis ([@B52]) and do not offer the same level of flexibility to investigate the impact of single or multiple interventions at different ages nor to predict health economic outcomes.

The strengths of our study include the novel use of micro-simulation modeling that accounts for heterogeneity in the modeled populations. The EPOCH model is not restricted to predicting three weight status categories as some models are ([@B24], [@B29]) but can model the full population distribution of BMI including the upper range of BMI. Whilst severe obesity among children is currently at low prevalence, (around 2%) it has severe impacts on health and well-being for the individual. The EPOCH model will have the flexibility to investigate the impact of targeted interventions in these groups. Another novel aspect of the EPOCH model is the use of the survey weights provided in LSAC, which makes the predictions of our model generalizable at the population level.

Another major strength of the study is the validation of the epidemiological predictions of the model prior to incorporating health economic components. Whilst there is debate in the literature on the need to validate models before using them ([@B22], [@B53]), we believe this increases confidence in using the model for economic outcomes which will be modeled via BMI and/or weight status. It also demonstrates the potential of using this model to predict likely future weight status beyond early childhood, which may be useful for planning and management of obesity. Thus, beyond its use for economic evaluation, the model could be used for planning, and has the potential to offer new perspectives on strategies for reducing obesity development during childhood and adolescence. A final strength is that we have followed established guidelines for choosing a conceptual structure of the model ([@B21], [@B54]) and reporting the model ([@B55]).

A limitation of the study is that the BMI trajectory component of the EPOCH model has presently only been validated up to 15 years of age. This limitation is due to the present availability of the LSAC data waves. However, the model has a flexible structure that will allow for incorporation of additional weight gain equations for children 15 years and older, as new waves of data from LSAC become available. Similarly, as the LSAC contains information on children\'s socio-economic position, future work will include updating model equations and parameters to include a measure of socio-economic position.

This detailed epidemiological model, which is the basis of a health economic model will fill a gap in the literature, because existing models do not usually taken account of healthcare and other cost savings incurred during the childhood years, as a result of treatment or prevention activities. As such this work will complement findings from other modeling efforts within Australia, for example the "ACE-Obesity Policy model" ([@B56]) which tracks cost and benefits accrued over the longer term.

Future use of the EPOCH model for economic evaluation will entail completion of the, healthcare costs and productivity cost sub-models. It will also involve systematic or scoping reviews on effect size and effect decay among interventions in the under 5 age group. The EPOCH model will be able to compare obesity interventions in early childhood and later childhood, by predicting BMI trajectories starting from any age and comparing costs and outcomes at the same future point in time. Modeling will enable us to compare interventions that vary in their target age, their intensity and duration and to elucidate the best combination of interventions from a health payer or a societal perspective. It will have the capacity to evaluate interventions singly or in combination and will be able to identify the potential cost-effectiveness of a range of interventions before they are implemented at full-scale. Ultimately the EPOCH model will assist policy makers in identifying: when is it best to intervene in childhood; what are the most cost-effective approaches and which population groups will benefit most from interventions.
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